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In this paper, a novel composite of graphene/MnO2 (GR/MnO2) was successfully synthesized by a simple
one-step hydrothermal method. The as-synthesized MnO2 and the composite were characterized by
scanning electron microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS)
and Fourier transform infrared spectroscopy (FTIR). The results showed that MnO2 was nanorods and the
two materials were perfectly composited. The composite was decorated on a glassy carbon electrode
(GCE) and used for the entrapment of glucose oxidase (GOD). Electrochemical results showed that the
composite modified electrode showed a pair of well-defined redox peaks, and the direct electron
transfer between GOD and the electrode surface was accelerated. The sensor fabricated by the
composite modified electrode showed an excellent response to the oxidation of glucose with a wide
linear range (0.04 to 2 mM), low detection limit (10 mM), and high sensitivity (3.3 mA mM1 cm2). The
sensor also exhibited excellent reproducibility, stability and selectivity, and it can be used in the
determination of glucose in real samples.1. Introduction
Determination of glucose is quite important in the elds of food
industry, biofuel cells, textile industry, health and medical
systems.1–4 There are many approaches for the detection of
glucose, among which biosensors have attracted much atten-
tion. It is reported that glucose biosensors may account for
approximately 85% of the entire biosensor market. Glucose
oxidase (GOD) has been widely used in glucose biosensor
construction due to its highly stable structure and wide pH
range of activity. Accordingly, biosensors based on the direct
electrochemistry of GOD have played a leading role in glucose
monitoring in the past decades.
However, the electroactive centers of GOD are embedded
within the structure of biomacromolecules, and the direct
electron transfer between the electroactive center and the
substrate electrode is difficult to occur. Meanwhile, adsorption
of the enzymemolecules onto bare electrode surfacemay lead to
their denaturation, which also decreases direct electron transfer
rate and the efficiency for glucose detection. Therefore, immo-
bilization of GOD on supports is needed to display its special
properties.of Ministry of Agriculture, The South
nese Academy of Tropical Agricultural
liuyugehb@sina.com
re Composites, University of Southern
lia
ou Industrial Co. Ltd, Guiyang, 550002,
1The development of materials science and nanotechnology
has brought a great momentum to bioanalysis. Analysts in this
eld are always enthusiastic about nding new materials with
good biocompatibility to improve the behavior of biosensors.
Different kinds of nanomaterials, including metal nano parti-
cles,5–7 oxides,8,9 nanocomposites,10,11 quantum dots,12,13 layered
materials and so on,14–20 have been explored to modify elec-
trodes for improving the performance of biosensors until now.
Recently, manganese dioxide (MnO2) has received much
attention due to its low-cost, benecial physicochemical prop-
erty, and relatively environmentally benign properties.21–24
Manganese dioxide has been considered as one of the most
attractive inorganic material and has been used in catalysis,
molecular adsorption and energy storage. Besides, has also
been widely used in biosensors.25–28 However, the application of
MnO2 was restricted by its poor electrical conductivity.
Since the discovery by Geim et al.,29 grapheme (GR) has
received persistent attention. This is due to its unique electrical,
mechanical, and thermal properties.30–32 It is reported that the
theoretical specic surface area of graphene can reach 2630 m2
g1, even larger than that of a single-walled carbon nanotube
(1300 m2 g1).33 Those special properties imply that GR has
giant potential in the eld of biosensors. Until now, GR has
been used for the detection of dopamine, hydrogen peroxide,
glucose and so on.34–36
Besides, the composites of GR are also getting more and
more attention, especially composited with MnO2. Those
composites combine the advantages of the two materials and
possess more application in different elds. Until now,
composites of GR/MnO2 with various morphologies have beenThis journal is © The Royal Society of Chemistry 2016
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View Article Onlinesynthesized, including nanoparticles, nanowires, nanosheets,
spheres and hollow spheres, nanobelts, unchinlike and so
on.21,37–42 These composites showed excellent electrochemical
properties and have been mainly used in supercapacitors.
However, there have been few reports on their application in
biosensors.43,44
Here in this research, MnO2 nanorods and the composite of
GR/MnO2 were synthesized by a simple and facile hydrothermal
method. Scanning electron microscopy (SEM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and Fourier
transform infrared spectroscopy (FTIR) were used to investigate
the structure and morphologies of MnO2 and the GR/MnO2
composite. Furthermore, the composite was used for the
modication of glassy carbon electrode (GCE) and glucose
oxidase (GOD) was entrapped. The direct electron transfer
between GOD and the electrode can be easily realized and the
biosensor fabricated showed excellent response to glucose
detection. The composite modied electrode can also be used
for the determination of glucose in real serums.
2. Experimental
Chemicals and reagents
Natural graphite ake (about 325 mesh) used for the synthesis
of graphene oxide (GO) was purchased from Alfa Aesar Chem-
ical Reagent Co. Manganese sulfate (MnSO4$H2O) and ammo-
nium persulfate (APS) were purchased from Shanghai Chemical
Reagent Co. GOD (Type VII from Aspergillus nige, 196 000 units
per g of solid) was obtained from Sigma-Aldrich Chemical Co.
and used as received. All other reagents were of analytical grade
and used without further purication.
Synthesis of MnO2 nanorods and GR/MnO2 composite
GO was constructed by the modied Hummers method
described previously.45 The GR/MnO2 composite was synthe-
sized by a one-step hydrothermal method. The weight ratio of
GO to MnO2 was varied as 2 : 1, 1 : 1, 1 : 2, and 1 : 3, and the
corresponding composites were named as GM-1, GM-2, GM-3,
and GM-4. The typical synthesis of GM-1 was as follows: 2 mg
mL/1 GO dispersion was prepared by sonication of 20 mg GO in
10 mL of water. 20 mg of manganese sulfate was scattered into 5
mL water and then the solution was added into the above GO
dispersion drop by drop. Aer stirring for 30 min, the mixture
was transferred into a Teon-lined stainless steel autoclave and
heated at 170 C for 20 h. When there was no GO in the reaction,
MnO2 nanorods were synthesized.
Preparation of GR/MnO2 composite modied electrodes
GCE was rst polished with 1.0, 0.3, and 0.05 mm alumina slurry
successively and followed by rinsing with doubly distilled water
and drying at room temperature. The GR/MnO2 composite was
dispersed in distilled water to form a 2.0 mg mL1 solution
under ultrasonication. The resultant colloidal solution (5 mL)
was then dropped onto the pretreated electrode surface and
allowed to dry under ambient conditions. For the direct electron
transfer of GOD, 5 mg mL1 GOD and 0.5% Naon wereThis journal is © The Royal Society of Chemistry 2016subsequently cast onto the GR/MnO2 composite modied GCE
and allowed to dry under ambient conditions for 2 h aer each
dropcasting step.Instruments
The morphologies of MnO2 and the GR/MnO2 composite were
investigated by scanning electron microscopy (SEM, S4800). X-
ray diffraction (XRD) patterns were determined by a Philip-
X’Pert X-ray diffractometer with Cu Ka radiation (l ¼ 1.5418 A˚).
X-ray photoelectron spectroscopy (XPS) was performed on
ESCA-LAB MK II X-ray photoelectron spectrometer. Fourier
transform infrared (FTIR) spectroscopic measurements were
taken on a Bruker model VECTOR22 Fourier transform spec-
trometer. Zeta potential analysis was measured on a PALS/
90plus analyzer.
Cyclic voltammetric and amperometric experiments were
conducted with a CHI660B workstation (Shanghai Chenhua,
Shanghai). All experiments were carried out using a conven-
tional three-electrode system in 0.1 M phosphate buffer solu-
tion (PBS), where composite modied GCE was used as the
working electrode, a platinum wire as the auxiliary electrode
and a saturated calomel electrode (SCE) as the reference elec-
trode. All solutions were deoxygenated by highly pure nitrogen
before and during the measurements except for the determi-
nation of glucose.3. Results and discussion
Characterization of MnO2 nanorods and the GR/MnO2
composite
SEM results showed that the diameter of as-prepared MnO2
nanorods varies from 60 to 100 nm with an average length up to
1–4 mm (Fig. 1A). The nanorods were well dispersed, which
makes them easier to spread on the surface of GR. According to
the report, GO was highly negatively charged due to the large
amounts of oxygen-containing functional groups on the surface
and edges of the GO nanosheets.21 In the reaction solution of
synthesizing the composite, Mn2+ was adsorbed on the surface
and edges of the GO by electrostatic forces and then oxidized by
oxidant. The chemical reaction involved in the synthesis of
MnO2 and the composite is as follows:46
MnSO4 + (NH4)2S2O8 + 2H2O/ MnO2
+ (NH4)2SO4 + 2H2SO4 (1)
Which may comprise two half reactions:
Mn2+ + 2H2O/ MnO2 + 4H
+ + 2e (E ¼ 1.23 V) (2)
S2O8
2 + 2e/ 2SO4
2 (E ¼ 2.01 V) (3)
The original weight ratio of GO to MnO2 showed great
impact on the morphologies of the GR/MnO2 composite. When
the weight ratio was 2 : 1, about half of the GR surface can not
be reached by nanorods (Fig. 1B). With the increase of MnO2 in
the reaction mixture, more nanorods were attached. However,RSC Adv., 2016, 6, 18654–18661 | 18655
Fig. 1 SEM images (A) b-MnO2 nanorods; (B) GM-1; (C) GM-2; (D) GM-3 and (E) GM-4.
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View Article Onlinewhen the ratio reaches 1 : 3, some nanorods also could not
spread onto the surface of GR because there were too many of
them (Fig. 1E). The perfect weight ratio was 1 : 2 for the
synthesis of GR/MnO2 composite (Fig. 1D).
The crystalline phase of the as-prepared samples was deter-
mined by XRDmeasurements. All of the diffraction peaks of MnO2
(Fig. 2A) in the spectrum can be indexed to the tetragonal phase of
b-MnO2 with lattice constants a ¼ 4.3999 A˚ and c ¼ 2.8740 A˚
(JCPDS 24-0735). The peaks centered at about 28.7, 37.47, 56.73
and 72.54 can be indexed to (110), (101), (211) and (301). The
other peaks can be indexed to (200), (111), (210), (220), (002), (310)
and (301). The main peaks were narrow and high, suggesting high
crystallinity. No other characteristic reections were detected,
indicating that there were no impurities in the as-synthesized
material. The peaks of MnO2 were also found in the diffraction
spectrum of the composite at the same location (Fig. 2B), which
indicated that GR and MnO2 were well composited.
XPS measurement was performed in order to study the chem-
ical composition of the composite. It can seen from Fig. 2B that the18656 | RSC Adv., 2016, 6, 18654–18661peaks of Mn 2p3/2 and Mn 2p1/2 were centered at 642.1 eV and
653.8 eV respectively, and the spin-energy separation was 11.7 eV.
The data agree well with that reported, which indicated that the
Mn elements were in the form of Mn(IV) in the composite.47
The composition was also investigated by FTIR. In the case of
pure GO (Fig. 3a), the adsorption peaks at about 1730 cm1 and
1380 cm1 are associated with vibration of the C]O bond of
carboxylic groups and O]C–O from carboxylate. The bands of
stretching vibrations at 1225 and 1052 cm1 correspond to
epoxy and alkoxy C–O groups, respectively. In addition, the
broad absorption band at 3420 cm1 can be assigned to the O–H
stretching vibration of water molecule. The intensities of char-
acteristic absorption peaks of GO were dramatically decreased
in the GR/MnO2 composite (Fig. 3b). At the same time, the
intensity of –C]C– absorption peak at 1575 cm1 is enhanced,
indicating the conversion of GO to GR.
Zeta potentials of GO and GR were also detected, and the
results were 35 and 10 mV, respectively. This showed that
the two materials possessed favorable dispersibility.This journal is © The Royal Society of Chemistry 2016
Fig. 2 (A) XRD patterns of (a) b-MnO2 nanorods and (b) GR/MnO2
composite; (B) XPS survey spectra of the GR/MnO2 composite.
Fig. 3 FTIR spectra of (a) GO and (b) GR/MnO2 composite.
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View Article OnlineBesides, GR carried less negatively charge than that of GO,
indicating the conversion of GO to GR, and this was in accor-
dance with the results of FTIR.Fig. 4 (A) Cyclic voltammograms of (a) GR/MnO2/Nafion, (b) GOD/
Nafion, (c) GR/MnO2/GOD/Nafion modified GCE in 0.1 M air-free pH
6.0 PBS at 100 mV s1. (B) Cyclic voltammograms of GR/MnO2/GOD/
Nafion modified GCE in 0.1 M air-free pH 6.0 PBS at scan rates of 100,
140, 180, 220, 260, 300, and 340 mV s1 (from inner to outside), inset
(a) GR/MnO2/GOD/Nafion modified GCE at the scan rates of 20, 40,
60, 80 mV s1 (from inner to outside). (b) Plots of the anodic and
cathodic peak currents vs. scan rate.Entrapment of GOD onto the GR/MnO2 composite modied
electrode
As mentioned by Yin et al., MnO2 can act as a catalyst to the
decomposition of hydrogen peroxide, and the oxygen produced
can be used for the oxidation of glucose, this makes this
material applicable in constructing glucose biosensor.28This journal is © The Royal Society of Chemistry 2016However, the poor electrical conductivity of MnO2 restricts its
application. It is well known that GR is biocompatible and
highly conductive. The composition of the two materials will
denitely result in better sensitivity in biosensors. Based on the
advantages of both MnO2 and GR, the composite is quite suit-
able for the construction of biosensors. Therefore, the GR/MnO2
composite was decorated onto the surface of GCE and GOD was
entrapped. The corresponding electrochemical properties were
investigated in detail.Direct electrochemistry of GR/MnO2/GOD/Naon modied
electrode
The cyclic voltammograms (CVs) of different electrodes in pH
7.0 PBS at 100 mV s1 are given in Fig. 4A. The GR/MnO2/Naon
modied electrode did not show any obvious redox peaks (curve
a), indicating that the Naon membrane and the GR/MnO2
composite are not electroactive in this potential range. Aer the
entrapment of GOD, the GR/MnO2/GOD/Naon modied elec-
trode shows a pair of well-dened redox peaks at 0.38 and
0.4 V (curve c), respectively. The GOD/Naon modied elec-
trode shows no peaks (curve b), which may be due to the slowRSC Adv., 2016, 6, 18654–18661 | 18657
Fig. 5 (A) Plot of the formal potential vs. pH; (B) cyclic voltammograms
of (a) GR/MnO2/GOD/Nafion modified electrode in air-free 0.1 M pH
6.0 PBS; (b) GR/MnO2/Nafionmodified electrode in air-saturated 0.1 M
pH 6.0 PBS with 2 mM glucose; (c) GR/MnO2/GOD/Nafion modified
electrode in air-saturated PBS without glucose and (d) with 1 mM
glucose at 100 mV s1.
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View Article Onlineelectron transfer of GOD at the electrode. Thus, the GR/MnO2
composite is very effective in the realization of the direct elec-
tron transfer of GOD molecules.
The electrode shows a couple of well-dened peaks at
different scan rates (Fig. 4B). With the increase of scan rate, the
redox peak currents of the GOD increased linearly (inset of
Fig. 4B, b). According to the research of Laviron, the electrode
reaction is a surface conned process.48
From Faraday's law, the average surface coverage of GOD is
calculated to be 1.75  1010 mol cm2. The saturated mono-
layer surface coverage of GOD on the electrode was reported to
be 1.7  1012 mol cm2.49 The value of 1.75  1010 mol cm2
in this research was much larger than that reported. Therefore,
GOD is of multilayer on the GR/MnO2/Naon modied
electrode.
Small peak-to-peak separation always indicates a fast elec-
tron transfer rate. The electron transfer rate constant ks can be
estimated by the Laviron equation:50
ks ¼ mnFv/RT
In the formula, m is a parameter related to the peak-to-peak
separation, T is the temperature, n is the number of electrons, v
is the scan rate, F is the Faraday's constant, and R is the gas
constant. The constant of ks estimated from the formula is 2.57
 0.39 s1. This value is much larger than that of GOD adsorbed
on Au NPs and Naon lm (1.3 s1), Naon-CNT/GC electrode
(1.53  0.45 s1), and that of gold electrode modied with 3,30-
dithiobissulfocinnimidylpropionate (0.026 s1).51–53 This
further suggests that the GR/MnO2 composite provides an
excellent biocompatible environment for GOD and facilitates
the electron transfer reaction.Inuence of solution pH on the direct electron transfer of
GOD
The pH value of solution is very essential to the electrochemical
behaviors of biomolecules in most cases. In this research, the
GR/MnO2/GOD/Naon modied electrode shows strong
dependence on the pH value of solution. In general, all changes
in the peak potentials and currents with solution pH were
reversible in the pH range from 4.0 to 7.0.
With the increase of pH, the formal potential exhibited
a linear relationship versus pH with a slope of 53.6 mV pH1
(Fig. 5A). The value is quite close to the theoretical value of
59.0 mV pH1 corresponding to the conversion between GOx
(FAD) and GOx. All of these indicate that two protons (2H+) and
two electrons (2e) participate in the direct electrochemical
reaction of GOD immobilized on GR/MnO2/GOD/Naon modi-
ed electrode.Application of the GR/MnO2/GOD/Naon modied electrode
in biosensing
The CVs of GR/MnO2/GOD/Naon modied electrodes in
nitrogen- and air-saturated 0.1 M pH 6.0 PBS are given in
Fig. 5B. A pair of well dened redox peaks can be observed in18658 | RSC Adv., 2016, 6, 18654–18661both nitrogen and air-saturated PBS (curve a and c). However,
the reduction peak current in air-saturated PBS is larger than
that in nitrogen-saturated solution, which indicates that GOD
can electrocatalyze the reduction of the dissolved oxygen as
follows:
GOD–FADH2 + O2/ GOD–FAD + H2O2 (4)
With the addition of glucose to the air-saturated PBS, the GR/
MnO2/Naon modied electrode shows no response (Fig. 5B,
curve b), indicating that GR/MnO2 cannot catalyze the oxidation
of glucose. However, the reduction peak current decreases at
the GR/MnO2/GOD/Naon modied electrode (Fig. 5B, curve d),
indicating that GOD remains its bioelectrocatalytic activities
and can catalyze the oxidation of glucose by consuming the
oxygen molecular oxygen of the dissolved oxygen. On the basis
of the decrease of the electrocatalytic response, this system can
be used to construct a biosensor for glucose detecting.
The effects of solution pH and temperature on the ampero-
metric response were investigated. It can be seen from Fig. 6 that
the optimal values of the two parameters were pH 6.0 and 35 C.
Shown in Fig. 7 is a typical amperometric response curve of
the biosensor through successive injections of glucose to stir-
ring air-saturated pH 6.0 PBS at 35 C. It can be clearly seen thatThis journal is © The Royal Society of Chemistry 2016
Fig. 6 Effects of (A) temperature and (B) solution pH values on the
amperometric response of the GR/MnO2/Nafion modified electrode.
Fig. 7 Amperometric response curve of the GR/MnO2/Nafion modi-
fied electrode for successive additions of specific concentrations of
glucose to air-saturated 0.1 M pH 6.0 PBS under stirring at0.38 V and
35 C. Inset: linear plot of current vs. glucose concentration.
Table 1 Performance comparison of the proposed GR/MnO2/Nafion
modified electrode with other glucose sensors
Material
Detection
limit (mM)
Sensitivity
(mA mM1 cm2) Ref.
PVA/MnO2@GO/CuO — — 54
TiO2–graphene — — 55
GOD–Aunano–DHP 100 1.14 56
Silica sol–gel–GOx–CNTs 50 0.196 57
Naon/GOD–OMCs 53 0.053 58
R/MnO2/GOD/Naon 10 3.3 This work
Table 2 Determination of glucose in real samples
Samples
Values provided
by the hospital
Determined by the
modied electrode
Relative error
(%)
1 5.5 5.3 3.62
2 6.5 6.3 3.07
3 4.8 4.9 2.08
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View Article Onlinethe reduction current successively decreases with the addition
of glucose. The biosensor achieved 90% of the steady-state
current within 10 s, indicating a quick response process. The
linear calibration range for glucose is 0.04–2mM (inset of Fig. 7,
n¼ 6, R2¼ 0.996). The limit of detection (LOD) calculated by the
equation of 3SB/b was 10 mM, where SB and b present the
standard deviation of the blank solution and the slope of the
analytical curve, respectively.43 The detection limit is muchThis journal is © The Royal Society of Chemistry 2016lower than that of the GOx–PLL/RGO–ZrO2 composite lm
modied electrode.43 The sensitivity of the biosensor calculated
from the slope of the calibration plot was 3.3 mA mM1 cm2.
The performance of the GR/MnO2/GOD/Naon modied
electrode was compared with those reported (Table 1). The
results showed that the electrode possessed high sensitivity.Stability and reproducibility
Additional experiments were carried out to test the reproduc-
ibility and stability of the composite modied electrode. No
obvious change could be seen from the CV curves aer 100
cyclic scans in pH 7.0 PBS at 100 mV s1. The biosensor was
stored at 4 C when not used. It retained about 90% of its
original sensitivity aer two weeks, indicating a good stability.
The relative standard deviation (RSD) of the peak current in
six successive determinations on one electrode at a glucose
concentration of 0.5 mM was 2.7% for the GR/MnO2/GOD/
Naon modied GCE. Six different modied electrodes were
independently fabricated and the corresponding RSD value for
the determination of 0.5 mM glucose was 5%.Interference and serum sample analysis
The biosensor also shows a good selectivity for glucose. In an
air-saturated and stirred 0.1 M pH 6.0 PBS containing 1 mM
glucose, the response arising from 0.1 mM uric acid (UA) and
ascorbic acid (AA) is negligible. This may be contributed to the
use of Naon during the preparation of modied electrodes.
The GR/MnO2/GOD/Naon modied electrode was also used
for the determination of glucose in real human serum samples.
The serum samples were diluted with pH 6.0 PBS in advance.
The values detected by the electrode and provided by the
hospital were given in Table 2. The recoveries for the electro-
chemical assays of 0.5–1 mM glucose were between 93% andRSC Adv., 2016, 6, 18654–18661 | 18659
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View Article Online105%, indicating that the fabricated glucose biosensor has
potential in practical application.
4. Conclusions
In this research, the composite of GR/MnO2 nanorods were
synthesized by a simple and facile hydrothermal method.
Controlled experiments demonstrated the perfect weight ratio
value of GO to MnO2 was 1 : 2 for the best morphology. The
composition combined the original high crystalline phase of
MnO2 and the excellent conducting properties of the two
materials. The composite was used for the decoration of GCE
and GOD was entrapped. Electrochemical results showed the
direct electrochemistry of GOD was realized with a fast elec-
trontransfer rate. The biosensor fabricated by the composite
modied electrode showed excellent response to the oxidation
of glucose, and it can also be used to determine glucose in real
samples with negligible interference from uric acid and ascor-
bic acid by using Naon as binder. The investigation here has
provided not only a facile way for realization of direct electro-
chemistry of GOD but also a fast determination of glucose in
real samples.
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